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(57) Abstract: A method of separating ieactants from products 
within a reactive distillation structure (62). Reaction products 
heavier than reactants, such as ethylbenzene product with benzene 
and ethylene reactants are discouraged from re-entering the reaction 
zone (53) by introduction of a rectifying section (44) in between 
the reaction zone and the stripping section (47). Reaction products 
lighter than reactants, such as hydroconversion process, are 
discouraged from re-entering the reaction zone by mtroduction of 
a stripping section in between the reaction zone and the rectifying 
section. 
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:« n*»rtive Distillation Technology 
New Dimensions in Reactive 

Background- Field of Invention 

requirement. 

Background-Discussion of Prior Art 

dro^ across the reaction zone. limitations 0 f fixed bed catalyst bed structure the 

In an attempt to overcome the f^^^A into a plurality of pockets within; a 
particulate catalyst in some column ^"SJg Pat . N o. 4,242,530 Theneteffectis 
sTnless steel cloth W«."3^i flow within the reaction zone. Tins 
a creation of free paths for liquid / ^ to a conventional packed column, 

lo wer pressure drop in the ^^SSto proceed to some degree of success, 
allowing the said reaction and sep^g^ J* presS ure drop reductions have 
Other patents following the same conee ptsthat deals p ^ ^ such „ 

Sen w5l documented as in structured packmg US^Nj ^ ^ fa ^ ^ all 
U.S. Pat. No. 4,439,350 using alternatmg fixed £mtfff g ^ necessary 

free to move into the reaction area or choose to remain £ ^ 

area. Since there is no provmonof separation ^ ^ conventional fixed bed 
reaction zone, both yield and selectivity suffe ™ en ^7^ E proC esses taught by U.S. 
reactor coupled with down s* earn «onare often longer in dimension 

Pat. No. 4,198,530. The ^conversion. In other words, longer 

by necessity so as to keep up with the same oegre 
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residence time will be required Unfortunately, this higher residence time could cause 
further loss in reaction selectivity as desirable produces) has more time to be converted to 
undesirable by-products. 

2) A portion of the produces) leaving the reaction zone is being returned back into the 
reaction zone; either by vapor entering the reaction zone from the bottom in the case of 
produces) having a higher boiling point than the reactant(s) such as ethyl benzene from 
ethylene and benzene U.S. Pat No. 5,476,978; or by liquid entering the reaction zone from 
the top in the case of produces) having a lower boiling point than the reactant(s) such as 
hydroconversion process U.S. Pat No. 5,961,815. These inefficiencies are built-in as the 
liquid leaving the reaction zone containing the produces) is approaching thermodynamic 
equilibrium with the vapor rising from the tray below. The same is true for the product(s) 
leaving the reaction zone as vapor from the top of the reaction zone. It comes into intimate 
contact with the liquid at the tray just above the reaction zone and the two streams are 
approaching thermodynamic equilibrium. Besides the thermodynamic and fluid dynamic 
limitations, the cost of such special arrangements of catalyst such as structured packing type 
catalyst would obviously be a decision factor. Efforts to minimize catalyst bed volume 
would improve the competitiveness of reactive distillation. 

Objects and Advantages 

Accordingly, several objects and advantages of my invention are: 
The present invention focuses on the re-entering of products into the reaction zone and 
provides a positive way of separating the products from the reactants. This allows the 
chemical reaction to proceed with high degree of selectivity. The two factors that are 
responsible for this enhancement are: 

Firstly, amounts of products that re-enter the reaction zone can be manipulated and 
optimized, and that discourages secondary reactions which produce unwanted by-products 
and, 

Secondly, the reduced amount of products re-entering the reaction also leads to overall 
lower product concentration throughout the reaction zone. Equilibrium reaction is 
encouraged to proceed from reactants to the desirable products. 

It follows that the two factors above would enable a shorter residence time of reactants in 
the reaction zone as compared to the conventional reactive distillation arrangements and still 
provide the same or better conversion rate. That leads to possibility such as having much 
shorter bed amongst others. 

The above revelations open up yet another dimension in the field of reactive distillation. 
Further objects and advantages of my invention will become apparent from a consideration 
of drawings and ensuing descriptioa 

Description of Drawings 

Fig. la shows the basic concepts of multiple flash and liquid vapor phase equilibrium. 

Fig. lb shows the effect of staged flashing, the principal behind distillation column. 

Fig. lc shows feed location, rectifying section and stripping sections of a typical column. 

Fig. Id shows three connected flash drums representing a distillation functional structure. 

Fig. 2a shows heat removal using pumparound. 

Fig. 2b shows heat removal using partial condenser. 

Fig. 2c shows heat removal using condenser coil placed inside a column. 
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Fig. 3a shows heat addition using side reboiler. 
Fie 3b shows heat addition using heater coil inside column. 

Fig 4a hows the preferred embodiment of providing rectification m ^e^laUor, 
Fig 4^ shows the preferred embodiment of providing stripping m reactive *^oa 
Fig. 5a shows an Ornate arrangement of providing rectification in reactive Mlatoa 
Fi| 5b shows an alternate arrangement of providing stopping in reactive distillation. 

List of Reference Numerals 

1 First chamber to hold 50/50 liquid BZ and EB. 

2 Liquid BZ and EB 50/50. 

3 Vapor BZ and EB 55/45. 

4 Liquid / vapor interphase. 

5 Same first chamber, 1 above. 

6 Second chamber. 

7 Vapor from first chamber, 55/45 BZ to EB. 

8 Totally condensed vapor from first chamber. 

9 Condenser. 

10 Heater coil. 

1 1 Liquid BZ and EB 55/45. 

12 Vapor BZ and EB 59/41 . 

13 Typical distillation column. 

14 Overhead vapor. 

1 5 Overhead condenser. 

1 6 Reflux accumulator drum. 

17 Reflux flow. 

18 Distillate product. 

1 9 Rectifying section. 

20 Stripping section. 

2 1 Feed to the column. 

22 Bottom product 

23 Reboiler vapor return. 

24 Reboiler. 

25 Flash drums. 

26 Condensers. 

27 Heater coils submerged in liquid. 

28 Vapor from first flash drum. 

29 Condensed vapor from first flash drum. 

30 Return liquid from second flash drum. 

31 Vapor from second flash drum. 

32 Condensed vapor from second flash drum. 

33 Return liquid from third flash drum. 

34 Raffinate product. 

35 Bottoms. 

36 Feed. 

37 Total draw off from tray. 

38 Heat exchanger to cool tray draw off. 

39 Cooled liquid being returned to column, 37, 38 & 39 called pumparound. 

40 Vapor from vapor phase of a tray. 

41 Partial condenser. 
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43 
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Two phase flow with liquid and vapor return. 

Condenser coil in vapor phase. 

Rectifying section of the column. 

Feed to the column. 

Feed to the column 

Stripping section of the column. 

Total liquid draw off from the column. 

Partially vaporized return flow to the column. 

Side reboiler. 

Downcommer. 

Submersed heater coil in liquid phase. 

Reaction zone producing heavier products than reactants. 

Stripping section below reaction zone. 

Liquid from reaction zone bypasses RRD. 

Vapor to reaction zone from RRD. 

Liquid pumparound from column. 

Cooler. 

Cooler pumparound return. 
Reboiler. 

Product to be further separated. 

Rectified reactive distillation, RRD. 

Rectifying section above reaction zone. 

Stripped reactive distillation, SRD. 

Vapor from reaction zone bypasses SRD. 

Reboiler for stripping. 

Liquid to reboiler. 

Vapor and liquid return to SRD. 

Stripped liquid flow from SRD to reaction zone. 

Overhead condenser. 

Distillate product to be further separated. 

Reaction zone. 

Stripping zone. 

Vapor from stripping zone to RRD unit 
Liquid from reaction zone. 
Condensed vapor in rectifying section. 
Vapor to condenser. 
Vapor to reaction zone. 
Condenser. 

Liquid from RRD unit returning to stripping zone. 

Rectification section, trayed or packed column, RRD unit. 

Stripped product. 

Reaction zone. 

Vapor from reaction zone. 

Rectification zone. 

Condenser. 

Reflux. 

Distillate product. 

Vapor from SRD unit returning to rectification zone. 
Liquid from rectification zone to SRD unit 
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91 Stripped liquid from SRD unit to reaction zone. 

92 Reboiler. 

93 Stripping section, trayed or packed column, SRD unit 
Summary 

The summary of my invention is a method of separating reaction products from reactants 
within a reactive distillation structure by providing rectification and / or stripping 
capabilities below and / or above the reaction zone, respectively, whereby the amount of 
reaction products re-entering the said reaction zone can be manipulated. The said reaction 
zone enhancement directly results in reduced reactor bed height requirement. Indirectly, this 
invention offers an added dimension in optimizing process design in reactive distillation. 

Description of Invention 

BACKGROUND 

In order to appreciate the level of innovation of the present invention, one must approach the 
subject with very thorough understanding of phase equilibrium. The configuration of a 
typical distillation column cannot be taken for granted. Let us use benzene / ethyl benzene 
as an example of a binary system. See Fig. la. 

Of the two components, benzene (BZ) is lighter than ethyl benzene (EB) as the vapor 
pressure of BZ is higher than EB at any given temperature. Given a binary system of BZ 
and EB in contact with each other, say a 50/50 mix, each component will exert its own vapor 
pressure above the mixed liquid. From vapor pressure law, partial pressures and mole 
fractions, it follows that the mole fraction of the lighter component (BZ) will be higher in 
the vapor phase than in the liquid phase. It also follows that the heavier component (EB) 
will have a lower mole fraction in the vapor phase by difference. If the vapor above this 
liquid were to be condensed to form a second liquid phase in another chamber, the liquid 
mole fractions has to be the same as the vapor that comes from the former chamber. See 
Fig. lb. Flashing this liquid will yield the same phenomenon as in the liquid in the former 
chamber. This RELATIVE VOLATILITY, as often used in distillation jargon, determines 
the degree of difficulty in separating a stream with mixed components into two separate 
streams; one having more concentrated light components and the other more heavy 
components. 

Distillation column arrangement is a very elegant way of taking advantage of liquid flowing 
downwards and vapor flowing upwards in a series of multiple flashes. See Fig. 1c. The 
arrangement eliminates external inter-stage heat addition to re-vaporize the condensed vapor 
and external inter-stage heat removal to re-condense the vaporized liquid as heats are 
internally reused from tray to tray. The feed generally enters the column at a location where 
the feed enthalpy and composition minimizes energy for a given separation requirement. 
The section above the feed point is commonly known as the rectification section while the 
section below, the stripping section. RECTIFICATION cleans up the lighter stream, often 
called the distillate, by removing the heavy ends. STRIPPING strips the light ends out of 
the heavier stream, often called the bottom, and makes it purer. 

One must not limit the application of such fundamental principles to a traditional distillation 
column structure as shown in Fig. lc. Fig. Id is also a distillation column arrangement even 
though it consists of three sets of equipment and does not resemble a conventional 
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to another and function as one reactive donation structure. 

♦™ m ,,rh heat is experienced in a specific zone, such as often seen in crude 
In some cases, too much heat is expenciw. u. v , locallv so that a more 

*^etiiiotmn PIIMPAROUNDS are often used to remove heat locaiiy w uuu a 
unit *^ n ^. on -.^^^I^hed in the rectifying section. In other cases, heats are added 

^ Kfrro^ ^BOIL^the stripping section to balance vapor 
mid stream by the use or aii^c^ ^u^i-,- fractionation These two scenarios are 
loadingino^to^c^ 

BOt ? H^tetn ^SSSM traditional PUMPAROUNDS and SIDE 
SSS&TK n^ to fully explain the two traditional use of heat removal 
<p£M^) a^Saddition (SIDE REBOILER) device, 

pi imp a* HI INDS As in Fig. 2a, the liquid from one tray is being drawn to heat 
PUMPAROUNDb AS"»nB *> J . ft retumed , at a lower temperature, back to 

Se^umn, llUte trays hi between will be at the same composition profie. Heat 
on the market are for the purpose of heat removal. 

o, nF rfroILERS As in Fig. 3a, the liquid from a tray can be drawn off to a heat 
SSat £dfcd to toe stream. The stream can be returned either to the same 
SfS^Sw or one tray below. In theory, it is most efficient to return the vapor to 
Sy ab^ve and the liquid to the tray below as the side reboiler flashes the stream into 
UdS Cr and heavie? liquid for relative volatility reasoning as mentioned earlier. In 
See Ker most side reboiler returns the flashed stream to a disengaging sp** one 

the draw tray. Heat can be added in other ways such as a submerged heater ^on toe 
Sy, Rg 3rTtennal siphons are often used in side reboiler applications. Regardless, heat 
added will result in additional vapor being generated. 

S Xmthe hX^eactants to reenter the reaction zone. This arrangement provides a 
S meu^f Products from reactants as soon as products and reactants leave 

£SiS»nclS superior technical capability is not found m any conventional 
system presently being offered on the market. Alternatively, toe 
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rectification^^ 

* Fig. 5a. Here, the vapor from tie stopping ^ection bdo^r ftewa ^ ^ tQ 

SsmLA^^ONAL STRUCTURES as defined earlier. 

UtusexaminemeconfigurationasmFig^b. ^SSS^^S^ The 
££e distillation (SRD), allows an added ^^^^by-^s this stripping 
p^uctsofreaction.bemg lighter ^^^^S^X ^mthetop 
Lie and re-enters the column « MB« town the column. However, this 

added stripping section will ^^'^ 3 "" . *\ made re -entering the reaction zone 
traffic. That puts a hd on the amount of J^^J^SJ zone to get re-cracked and 
while allowing heavier components ^^^aSt method of separating 
make desirable products. This arrangement, W^^J ^ tion ^ Such 
products from reactants as soon as P^^^^o^Sve distillation 
superior technical capability is again not found ^^^^^g faction can also be 
system presently being offered on me market f^^^^Here, the liquid from 
provided by a separate column, trayed or ^^^S^ Entering into the 
Se rectifying section above the r^onzone - now topped befo^ ^ 

FUNCTIONAL STRUCTURES as defined earlier. 

Tbe ideation of both the RRD andSRD, ^^^^Z ^de 'another 

SSSet,^^^ 

^ TyleTand benzene to make ethyl benzene teactton as an example. 
Additional Ramifications 

The use of a catalyst packed distillation column allows ^^^^^ of 

ages, caused by compaction and ^^^f^^ time. If not maintained 
selectivity, capital and operating costs. 

formation. The following is the chemical reaction: 

Ethylene + benzene reversible reaction ethylbenzene (EB) 
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Ethylene + ethylbenzene reversible reaction di-ethylbenzene (DEB) 
Ethylene + di-ethylbenzene reversible reaction tri-ethylbenzene (TEB) 

Another way of looking at the function of benzene recycle is the lowering of ethyl benzene 
(EB) to benzene (BZ) ratio so that a fresh ethylene molecule has a better chance of pairing 
up with BZ than with EB. However, even with the overwhelming numbering advantageous 
scheme of BZ over EB in the reaction zone, PEB's are still formed in large enough amounts 
so as to warrant the design of a transalkylator system. The transalkylator system is for the 
conversion of PEB's back to EB by adding BZ. 

TEB + BZ reversible reaction DEB + EB 
DEB + BZ reversible reaction 2 EB 

In fact, a large portion of the specification dealt with the re-conversion of the PEB by- 
products back to the desirable product of EB. This again adds extra recycling load of 
reprocessing and is very energy inefficient Operating costs and capital equipment 
depreciation make this process less attractive. Had a RRD been incorporated into the 
design, the reaction zone can be made to optimize the quantity of EB returning from the 
stripping section below. This reduces the EB concentration all across the reaction zone, 
especially where the ethylene is being injected Besides limiting undesirable secondary side 
reactions, lower EB concentration works very favorably towards shifting the equilibrium 
towards the product side, producing EB as the reaction product EB, once made, would 
again be readily removed in an efficient and timely manner. The above two steps would 
repeat and feed on each other. In addition, a very shallow penetration of the reaction zone 
will result which again aids product removal as EB need not travel too far into the reaction 
zone before being removed. The overall effects would be reduced reactor catalyst volume 
requirement and benzene recycle flow, and may even challenge the need for the 
transalkylator system. With the present invention, a truly efficient reactive distillation set- 
up is on hand. For an existing reactive distillation design using said prior art technology, the 
present invention can be a huge boost to profit margin. Besides, retrofitting costs could be 
paid off by a few weeks of using RRD. The following process simulation exercise using 
CHEMCAD software illustrates the impact of an RRD, retrofitted. 



Table 1 



Stream 


Temperature, 
degF 


Flow rate, 
lb/hr 


Location 


BZ/EB, 
mass ratio 


Duty, 
MMBTU/hr 


Feed,F-l 


440 


10,000 


Tray 1 


1.00 




Distillate, D-l 


440 


5,240 


Tray 1 


2.27 




Bottom, B-l 


474 


4,760 


Tray 10 


0.40 


0.70 


Feed,F-2 


440 


10,000 


Tray 6 


1.00 


-0.50 


Distillate, D-2 


417 


3,560 


Tray 1 


7.85 




Bottom, B-2 


474 


6,440 


Tray 10 


0.40 


1.00 



The above simulation results, using SRK thermodynamic data, highlights the effect of a 
RRD unit within a 10 stage stripping section. The actual benefit will be more pronounced 
when the secondary effects, by iterative steps of substituting the calculated vapor's impact 
on entering liquid, are accounted for. It is for illustration purpose only. 
The base case, case 1, simulates a bubble point liquid stream, F-l, enters a conventional 
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reactive distillation stripping section from the reaction zone above. F-l has a 50/50 mix of 
BZ and EB. The bottom target is maintained at BZ/EB ratio of 0.40 for further down stream 
product recovery. Reboiler duty is calculated by the program to be 0.70 MMBTU/hr, and 
D-l contains 2 .27 BZ/EB ratio. This ratio tells us that 30% of the vapor returning to the 
reactive distillation zone is actually EB! 

The comparison case, case 2, starts with the same feed, but named F-2 for clarity. The 
bottom concentration is fixed at the same BZ/EB ratio of 0.40 and the reactor effluent flow 
is by-passed to 5 trays lower in the stripping section of the column. Please note that no 
additional staging is provided to show the attractiveness of retrofitting existing systems. 
Condenser duty is arbitrarily chosen at 0.5 MMBTU/hr and the program calculates the rest 
of the information. Notice the distillate, D-2, has gone up to 7.85 BZ/EB ratio. That is 3.5 
times purer than case 1 . Also, more bottom flows are achieved, accounting for a lower net 
rate of EB back into the reaction zone. The above is an illustration of the impact of RRD on 
reactive distillation. 

As taught in U.S. Pat. No. 5,961,815, hydrogen is fed at a point below the heavy 
petroliferous stock boiling above 400 deg F where a reactive distillation arrangement 
generates lighter, more desirable products. It would be easy to see that quite a bit of 
desirable products will re-enter the cracking zone, causing more light ends to form and 
losing out on overall reaction selectivity. Had a SRD been incorporated into the design, it 
will limit the reaction zone from re-cracking the desirable products, such as gasoline cut, 
from the reflux stream. This will drastically improve overall cracking selectivity and make 
better use of hydrogen, which is usually short in a refinery environment. Those skilled in 
the art would have no problem simulating the effect of a SRD as demonstrated by the 
approach as in Table 1 above and come to a similar conclusion. 

As taught in U.S. Pat No. 5,1 18,873, Process for the Preparation of MTBE, an external inert 
butane source is being added to a reactive distillation structure in order to affect the 
methanol / butane azeotrope. Methanol and butane form an azeotrope, which effectively 
enables methanol to boil at a lower temperature. So does methanol and iso-butylene. In this 
application, an essentially pure stream of iso-butylene is used. So once the iso-butylene has 
been reacted, iso-butylene is no longer available to form the azeotrope. Methanol is heavier 
than both butane and iso-butylene and will tend to fractionate to the bottom of the column. 
Methanol / butane azeotrope is therefore the tool used to lift methanol back into the reaction 
zone. This Patent deals with the challenge of balancing the inert butane profile within the 
reactive distillation structure. In Fig. 2 of the said patent, butane is added for the azeotrope 
forming purpose. Provisions are also made to strip out the excess butane by the introduction 
of a down stream stripper in order to limit vapor loading in the main distillation zone. 
At first glance, the above configuration may appear to share some remote similarity with the 
present invention. However, its design intent and functionality bears no relevance to the 
present invention. In fact, a RRD can be retrofitted in this example to again rectify the 
MTBE rich vapor stream and allow better conversion rates than this Patent currently offers. 

Another spin-off of the efficient product removal is the ability to design multiple reaction 
zones, each performing a different reaction task and benefiting from the re-use of heat and 
properly separated reactants. For example, if ethylbenzene needs to be further converted to, 
say an alkyl-ethylbenzene as a preferred final product, the reaction can now be carried out in 
a two step process in the same distillation column. RRD' s can be placed where rectification 
is required to enhance reaction selectivity as in the single reactive distillation case. 
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It is important to note that reactive distillation covers a much wider range than catalytic 
distillation. That is because catalysts, as we commonly refer to, are usually in the form of 
solid pallets. In this invention, reactive distillation is defined as a distillation functional 
structure that facilitates a reaction. Generally, solid catalysts function as providing active 
sites by forming intermediate complexes with the reactants. This physical / chemical 
adsorption step lowers the activation energy of the reaction, and starts the chemical reaction 
to reach its chemical equilibrium. It is one way of encouraging a chemical reaction to go 
forward. In cases of reversible chemical reactions, the lowering of activation energy equally 
allows the reverse reaction to proceed 
Any of the following, plus others, can also initiate a reaction: 

Heat, ionizing beam, initiators such as injection of oxidizing agents, high energy beam like 
ultra violent radiation, enzymatic and so on. 

In short, once the reaction system overcomes the activation energy barrier, the true 
limitation is the chemical equilibrium. This chemical equilibrium is commonly defined as 
forward reaction rate divided by reverse reaction rate. That is why the efficient removal of 
products in a reaction zone ultimately determines the success of any reaction system design. 

Conclusion, Ramifications, and Scope of Invention 

Thus the reader will see that this invention is truly the missing link in reactive distillation 
technology. The reaction zone, as illustrated in the above specification, can be viewed as an 
example. The invention carries further than the reaction zone boundary. A zone that carries 
out an operation that affects some form of different output than the input given can also be 
applicable to this invention. For this reason, the term operating zone is defined. In essence, 
the present invention provides a break in the composition profile continuum which 
otherwise cannot be achieved. In writing this specification, a cross-disciplinary approach 
has been taken to explain the invention. While my above description contain many 
specificities, these should not be construed as limitations on the scope of the invention, but 
rather as exemplification on one preferred embodiment thereof. Many other variations are 
possible. Examples can be found in coal tar distillation, biotechnology, and pharmaceutical 
manufacturing processes and food and beverage applications and the list goes on. 
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Claims 

What is claimed as the invention is: 

1 A method of separating at least one product from at least one reactant comprising of a 
distillation functional structure, at least one operating zone and a means of providing 
rectification below said operating zone, whereby manipulation of said product and said 
reactant re-entering the operating zone can be achieved, 

2. The method according to claim 1 , wherein said distillation functional structure is a 
distillation column, 

3. The method according to claim 1 , wherein said distillation functional structure is a 
reactive distillation column, 

4. The method according to claim 1 , wherein said operating zone contains at least one 
reaction zone, 

5. The method according to claim 4, wherein said reaction zone contains catalysts, 

6. The method according to claim 4, wherein said rectification below the reaction zone is 
provided by the use of a pumparound immediately below said reaction zone, 

7. The method according to claim 4, wherein liquid from said reaction zone bypasses said 
rectification section and re-enters said distillation functional structure, 

8. A method of separating at least one product from at least one reactant comprising of a 
distillation functional structure, at least one operating zone and a means of providing 
stripping above said operating zone, whereby manipulation of said product and said 
reactant re-entering the operating zone can be achieved, 

9. The method according to claim 8, wherein said distillation functional structure is a 
distillation column, 

10. The method according to claim 8, wherein said distillation functional structure is a 
reactive distillation column, 

1 1. The method according to claim 8, wherein said operating zone contains at least one 
reaction zone, 

12. The method according to claim 1 1, wherein said reaction zone contains catalysts, 

13. The method according to claim 11, wherein said stripping above the reaction zone is 
provided by the use of a side reboiler immediately above the reaction zone, 

14. The method according to claim 11, wherein vapor from said reaction zone bypasses said 
stripping section and re-enters said distillation functional structure. 
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